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Abstract. Past studics of the properties of Alfvén waves in the
solar wind have indicated that (1) the amplitude of the velocity
fluctuations is almost always smaller than expected on the basis
of the amplitude of the field fluctuations, even when the
anisotropy of the plasma is taken into account, and (2) the alpha
particles often do not participate in the wave motions because
(hey "surf” on the waves carried by the proton fluid. Ulysses data
arc used to demonstrate that (1) the discrepancy between the ve-
locity and field fluctuations is greater at high heliographic lati-
tudes than in the ecliptic plane, and (2) the alphas do participate
in the waves, being either in phase or out of phase with the proton
molions depending on whether the differential flow speed be-
tween the alphas and protons is greater than or less than the
“observed” wave speed, Vyave =0V B,/0B, as determined from
theratio of amplitudes of velocity and magnetic fluctuations. Thc
possibility that the modification of Alfvén wave propagation
speed is duc to pressure anisotropies resulting from pickup ion
distributions is investigated.

introduction

At low frequencies, the properties of transverse magnetohy -
drodynamic (MI 11D) waves, called Alfvén waves, arc expected to
satisfy the relation (velocitics below in the fluid (zero total
momentum) frame:
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where V, isthe velocity of ion specicsi in the fluid frame (zero
total momentum), Bis the vector magnetic field, B, is the field

magnitude, VA is the Alfvén speed
@ Va=W(4np)'”

p isthe plasma density, and A is afactor that takes account of any
anisotropy in the plasma.
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where p]and p, ac the total plasma pressures paralel and per-
pendicular to the magnetic field, and V... IS the wave speed.
Note that relative streaming between protons and alpha particles
contributes to parallel pressure (Neugebauer et al., 1984). The p
in the above equations refer to the density of the total fluid. If the
principal ions arc protons and apha particles, then, the fluid
velocity in the spacecraft frame s,
Ve nVp +4n,Vy

n, +4 ng
where the n's refer to number densities and the subscripts , and
refer to protons and alphas respectively. Since ~95% of the ions
in the solar wind are protons, it is often assumed that the fluid
frame is the same as the proton frame; this study does not make
that assumption.
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Through the comparison of proton velocities with rnagnctic
ficld vectors measured on Mariner 5, Belcher and Davis (1971)
showed that large-amplitude waves were often detected propagat-
ing outward from the Sun, with the purest modes found in high-
speed streams and on their trailing edges. They also found that
V wave = 0.78 VA, and suggested that the anisotropy required to
give A = 0.78 scemed reasonable. In a later paper, Belcher and
Solodyna (1975) derived avalue of A = 0.68, and commented that
the reason for such a “discrepancy” between the observed and the
expected value of A = 1.0 was not understood. Similar problems
were found with the jump conditions across rotational discontinu-
itics (Belcher and Solodyna, 1975; Neugebauer et al., 1984),
which can be thought of as steepened Alfvén waves. Using 1SEE-
3 data, Neugebauer et a. (1984) obtained a discrepancy of a fac-
tor of 0.77 even after including the observed pressure anisotropies
associated with double-peaked proton distributions, anisotropic
al pha-particle distributions moving faster along the field than the
protons, and electrons. Another noteworthy feature of Alfvén
waves in the solar wind is their effect on the alpha-particle com -
ponent of the plasma. The data acquired by the Helios spacecraft
in the high-speed wind from coronal holes clearly showed large-
amplitude fluctuations of the direction of the proton velocity
veetor which were closely correlated with fluctuations in the field
direction; at the same time the flow direction of the alpha parti-
cles remained nearly radidly outward (Marsch el al., 1982). At
the smaller heliocentric distances sampled by Helios (from 1.0 to
0.3 AU), the apha-particle velocity exceeded the proton velocity
by an amount that approached or nearly equaled the Alfvén speed
VA. Marschet al. concluded that the alphas move through the
proton fluid at approximately the same speed as the waves, and so
do not feel the wave motion.

In this paper, Ulysses data arc used to test consistency with the
relations summarized in Equations (1)—(5) above and to examine
the relation between the alpha particles and the waves under a
wide range of solar wind conditions. We find the observed wave
speed estimated from V,,,yc = 3V B/8B to be less than that cal-
culated from eqs. 1-5. The possibility that anisotropic pickup ion
distributions may explain the discrepancy is investigated, and
other alternatives arc discussed.

Proton and Alpha Velocity Fluctuations

The data used in this study were obtained by the Ulysses
spacecraft during both its in-ecliptic flight to Jupiter and its out-
ol-the-ecliptic trgjectory through the end of 1994. During that
time Ulysses covered a heliocentric distance range of 1.5 to 5.4
ALJ and a latitude range of -O to -80°. The plasma data were ob-
tained by the Ulysses solar wind plasma experiment named Solar
Wind Observations Over the Pole.s of the Sun (SWOOPS). The
design and operation of SWOOPS arc described by Bame et al.
(1 992). Inits usual mode of operation, SWOOPS measures the
three-dimensional  distribution of protons and alphas with spac-
ings of 5% in energy, ~5° in both polar and azimuthal angles, and
either 4 or 8 minutesin time, depending on whether the spacecraft
is being [racked or is storing data for later readout. SWOOPS ob-



tains clectron distributions every 3.1or 6.3 minutes, and the elec-
tron data have been interpolated to match the times of ion obser-
vations. The magnetic field data were obtained by the Ulysscs
magnetometer for which A. Balogh is the principal investigator
(Baloghetal., 1992).

I” here were many periods when hrr,ge-amplitude Alfvén waves
were clearly present in the Ulysses data, especialy when the
spacecraft was in the high-speed stream from the southern polar
corona hole (e. g., Smithetal., 1995). Figures 1 and 2 display
scatter diagram of the north-south (N) components of the proton
and alpha-parlicle velocities plotted versus the N component of
the magnetic field normalized by the field magnitude for two dif-
ferent 12-hour intervals. The N component was selected for study
because the motions in that direction are less affected by stream-
stream interactions than arc the radial (R) or tangential (T) com-
ponents.

Consider first the data shown in Figure 1, obtained near the
ecliptic whenthe spacecraft was 5.22 AU from the Sun (1992,
Jan. 17, 12:00-24:00). The N components of both the proton and
alpha-particle velocities were positively correlated with By/B
(correlation coefficients of 0.88 and 0,90, respectively) as would
be expected for Alfvén waves traveling away from the Sun when
the interplanetary magnetic field points toward the Sun (B.< O).
The average Al fvén speed during this interval was 34.5 km/s,
while the anisotropy factor calculated from the observed proton,
alpha, and electron distributions (including all anisotropies and
differential streaming) was Ay = 0.92, corresponding to an ex-
pected wave speed of 31.7km/s. When the N component of the
fluid velocity V,iscompared to BN/B, the slope of the scatter di-
agram (not shown) yields an effective wave speed of only 20.5
km/s, so that A, = 0.59, which is considerably less than Acq =
0.92. The aplu-particle streaming velocity relative to the proton
fluid (V o, = 5.5 km/s) was much less than the wave velocity (20.5
km/s) S0 the alpha particles participated in the wave motion.

The alpha-particle behavior in the waves observed in the high-
latitude coronal hole data shown in Figure 2 is remarkably differ-
ent. The value of A calculated from the ion and electron distribu-
tions was A, = 0.91, while the effective wave speed calculated
from the fluid V,versus Bn/B scatter diagrams was only19.]
km/s, corresponding to A, = 0.43. The alphas were streaming
through the proton fluid with a speed of 33.8 km/s, which ex-
cecded the observed Vv = 19.1 km/s. Because thc alphas were
traveling faster than the wave speed, the wave appeared to the al-
phas to be traveling opposite to the apparent wave direction seen
by the protons, and so motions of the aphas and protons were out
of phase with cacb otbcr, which explains the negative slope for
the @ phas on tbc right side of Figure 2.

The two illustrative intervals shown in Figures1 and 2 were
typical Of the two cases Vo> Vyave @d Vap < Vwave: Figure 3
demonstrates the relation between proton and alpha motions over
awide range of solar wind conditions. Each point in that Figure
was calculated for a 6-hour interval which was judged to have
significant Alfvén wave activity by satisfying the criteriathat (1)
the absolute value of thc correlation coefficient between the N
components of the proton velocity V,y and the field B was
greater than 0.80, and (2) the root mean square magnetic field
magnitude fluctuation was less than 10% of the field magnitude.
The data used for this survey included all the data taken in the
flow from the south polar coronal hole through Dec. 31, 1994, to-
gether with periods identified as “norl-interaction regions’ prior to
the spacecraft entry into the coronal hole flow. For each of the re-
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sulting Alfvénic intervals, Figure 3 shows the correlation between
the N components of the alpha-particle velocity and the magnetic
ficld plotted versus the ratio of the alpha-particle proton differen-
tial field-aligned velocity, V,,, to the “ observed” wave speed cal-
culated from the slope of a Icast-sguares fit of the fluid velocity
V versus BN/B. The sign for the ordinate was chosen to be posi-
tive if Vyand Von were in phase and negative if thcy were out
of phase. The plot in Figure 2 shows that the sign of the correla-
tion between V,,y and Vn dots indeed depend on whether the
speed of the alpha-particle streaming relative to the protons is
greater than or 1ess than V.. For completencss, it is noted that
there were a fcw periods with Vo y/(Viave) > 2 which were not
includedinthe plot; for each of those intervals, VN and VN
were anticorrelated, as expected.

The behavior of the alpha particles relative to the protons gives
us confidence that the wave speeds obtained from the slopes of
the V-Bn/B scatter diagrams are roughly correct and that the
discrepancy between A, and A, iS not caused by some gross
e1ror in the measurements or instrument calibration. Figure 4
shows the size of the discrepancy for Alfvénic intervals averaged
over 10° in latitude (except for the closest interval, which was av-
craged over only 5°) as a function of heliocentric distance. The
triangles in the plot show the value of A2 corresponding to the
dope of the Vyy-Bn/B correlations while the crosses show Agqie-
The error bars denote the standard deviations about the mean.

Two possible explanations of the discrepancy between Acaic
and Agps are that: (1) the waves arc not, in fact, Alfvén waves, or
(2) the missing anisotropy is contributed by some ion population
not included in the estimation of A ;. Since the same discrep-
ancy in propagation velocity is seen at rotational discontinuities
(Belcher and Solodyna, 1975; Neugebauer et a., 1984), wc be-
licve the second explanation is probably thc correct one.

Anisotropic Pickup lons or Other Cause?

This section presents @a model based on the hypothesis that the
missing anisotropy arises from interstellar pickup ions, and dis-
cusses aternative explanations. Gloeckler et al. (1993) have re-
ported pickup H*and He* number densities of 5.4x 10-S and
6.7x10% cm=3 at 4.82 AU in the ecliptic; for a thermal speed of
700 km/sec (fast solar wind), the associated pressure is 1.5x10-12
dyne/cn1*while B?/4x is about 4x107!2 dyne/em?. Pickup ions are
initially created traveling inward along the magnetic field in the
solar wind frame, and if the inward velocity is greater than tbc
perpendicular thermal speed, then p>p, and the wave speed is re-
duced. For the parameters just mentioned, the pickup ion distri-
bution, if very anisotropic, could modestly affect the wave speed.

At bighcr latitudes, the By component and magnitude of the
magnetic ficld arc decrcased and greater modification of wave
properties seems possible. In addition to the streaming of tbc
pickup ions along the large scale spird magnetic field, smaller
scale effects may also occur. For example, Gloeckler et al. (1994)
have observed cortelated variations in the densities of pickup
protons and helium ions, and attributed this to streaming into lo-
cal magnetic traps. Such streaming would also produce pressure
anisotropics.

The model used here to obtain an upper limit for the possible
effects of the large scale spiral field on pickup ions corresponds
to the case of no scattering of pickup ions by interplanetary waves
and no streaming into magnetic traps. It is generally assumed that
waves generated by the initial distribution of pickup ions rapidly




pitch-angle scatter the ions into an approximately spherical shell
in velocity space (1ee and Ip,1987), but the expected waves from
this process are rarely obscrved. We assume instead that pickup
ions arc not scattered by electromagnetic waves as tbcy stream
adiabatically in the large scale heliospheric ficld; this alows an
upper limit for the modification of wave properties to be obtained.
The cold interstellar neutral gas model of Thomas (1978) is used
together with the parameters for the neutral distribution used by
Gloeckleretal. (1 993). Although we usc the same neutral model
as Gloeckler et al., our pickup ion densities are larger duc to the
lower radia velocitics of outward traveling ions (which are at
pitch angles where they might not typically be observed). The
collations ©f adiabatic particle motion (l‘e',gyro—avcraged drift
equations) in the strong eectric field case (electric field drift =
thermal speed) are obtained from Sivukhin (1965). A Parker spiral
interplanctary magnetic field is assumed with Bg independent of
latitude and longitude and equal 10 3.5nT a 1 AU. The solar
Wil(l)d is assumed to be radial with V = 750 km/see at Iatitude_s >
35, 400 km/sec a O iatitud(c), and lo vary as half of a cosine
wave between latitudes of O to 35 Calculations were done
along the orbital track of Ulysses at 10° latitude intervals taking
both the heliocentric distance and longitude with respect to the
flow direction of the interstellar gas into account. Figure 5
compares the change in A* requiredto explain the observation
(i.e, ACH,CZ—AOMZ) to thc anisotropy ratio duc to streaming
pickup ions as computed from the model (i.e,, 1 - A, 7= 4%(Ppun
~ Ppu LVYB2 where the subscript pu denotes the contribution of
pickup ions). Between about 2 and 4 AU (when Ulysses was
poleward of -40° latitude), the model value of 1- Apu2 is rnorc
than sufficient to account for the discrepancy between Agy). and
Agns: Over most of that region, however, 1-- Apu2> 1, which
implies thatA,,, isimaginary and that the plasma is firehose un -
stable; if for some reason resonant instabilities did not start to
scatter the ions, then the firchose instability would, Inside 2 AU
(equatorward of -70°) and between4 (- -45°) and -S AU (-25"),
the model predicts that the effect of pickup-ion anisotropy is
somewhat less than needed to explain the observed wave speeds.
Beyond 5 AU, the model gives Apu2> 1, which suggests that
heavy ion anisotropics may contribute to the mirror instability
and the production of magnetic holes. In addition to the
anisotropies computed from the model, there may be further con-
tributions from the streaming mechanism discussed by Gloeckler
et (I1. (1994).

The model was also run for the ecliptic at 1 AU. For a solar
wind speed of 400 km/s,1- Apu2 varied from 0.01 to 0.02 over
the course of a year. For a speed of 750 kinds, 1 —Apu2 ran from
0.08 to 0.21. Not surprisingly, the effect is very dependent upon
solar wind speed. Since most studies of Alfvén waves near 1 AU
have typically dealt with high speed streams, the effect of pickup
ions on tbc wave speeds observed there may have been signifi-
canl,

An alternative point of view is that the reduction in the Alfvén
ratio (r, kinetic energy of fluctuations to magnetic energy) is duc
to solar wind turbulence effects (e.g., Roberts et al., 1992), al-
though generally (but not always) such theory would predict 14 to
be about onc(ra=lisequivalent to A ps=1 ). Our opinion is that
such effects could not account for the reduced wave speeds cb-
served at rotational discontinuitics (Belcher and Solodyna, 1975;
Neugebauer et al., 1984). On the other hand, it is clear that the
magnitude of the reduction wc calculate in the ecliptic at 1 AU
(last paragraph) is marginal even assuming solar wind speeds of
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750 km/sec and no scattering of pickup ions. It may be that in dif-
fering circumstances (high speed versus low speed solar wind,
Al fvénic versus non- Al fvénic) more than onc process is important
in determining ra-In particular, the effect of pickup ions would
be greatest at high latitudes beyond 1 AU, where large negative
valuesof 1 - Apu2 are calculated and where the greatest reduction
in wave speed is observed. Further work to characterize the effect
a 1 AU as a function of angle with respect to the flow of the
Local inter-Slcllar Medium should definitively test whether
pickup ions make a significant contribution to the speed
reduction.
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Figure Captions

Figure 1. The relation between Vg and By for protons (left panel)
and alpha particles (right panel) for a 12 hour interval near the
ecliptic during which Alfvén waves were present.

Figure 2. Same as Figure I but for high latitudes.

Figure 3.Correlation between Viy and By for apha particles as a
function of the difference between the field-aligned alpha particle
and proton velocity components normalizedto the ‘<observed”
wave speed. The sign of the ordinate is + (-) if the aphas are in
phase (out of phase) with the protons.

Figure 4 Top: Ulysses latitude bins over which average values of
the anisotropy factor A*were calculated plotled versus heliocen-
tric distance. Bottom:latitude-bin averages of the anisotropy
factor Az calculated from the observed distributions of protons,
alphas, and electrons (crosses) and from the slopes of the V ver-
sus BN scatter diagrams (triangles) for Alfvénic intervals plotted
versus heliocentric distance.

Figure 5. Heliocentric distance dependence of the “discrepancy”

between the observed values of the anisotropy factor A’and that
calculated from proton, alpha, and electron distributions (solid
circles) and the additional contribution to A’caculated from a
simple model of the anisotropy duc to interstellar pickup ions
(open circles). The points were calculated over the latitudina bins
displayed in Figure 3.
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